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tivation process, which is functionally similar to that seen in Kþ channels. This
inactivation may contribute to the low flux of Rbþ through NaK. Our functional
characterization, along with the known crystal structures, now allows us to use
NaK as a model system to further investigate structure-function correlations in
non-selective channels and related selectivity filters.
3160-Pos Board B265
Engineering the hERG1 Selectivity Filter into the NaK Pore Domain
Julio F. Cordero-Morales, Vishwanath Jogini, Valeria Vasquez,
Raymond W. Bourdeau, Haibo Yu, Benoit Roux, Martin Tristani-Firouzi,
Eduardo Perozo.
Comparison of the hERG1 selectivity filter sequence and pore helix with a va-
riety of prokaryotic ion channels revealed an unusually high sequence identity
(63%) with the non-selective cation channel NaK (~19 amino acids). Taking
advantage of this remarkable similarity, we have used NaK as a template to
carry out a structural analysis of a hERG1-like NaK selectivity filter in Kþ.
To engineer the NaK filter into that of hERG1, we substituted two critical res-
idues, V59S in the pore helix and D66F at the selectivity filter (equivalent to
positions Ser620 and Phe627 in hERG1, respectively). The final construct
shares 73% sequence identity with the hERG1 selectivity filter, equivalent to
the closest orthologue of hERG1, the bovine ether-a-go-go channel
(bEAG1). Crystals of this engineered hERG-NaK diffracted to 2.8 A˚ resolution
and were solved by molecular replacement using closed NaK as template. The
crystal structure of hERG1-like NaK in 100 mM Kþ revealed a striking simi-
larity to the all canonical Kþ channel filters in the conductive conformation
(RMSD= 0.5 A˚ with the KcsA filter) and shows three major differences com-
pared to WT NaK. First, hERG1-like NaK filter revealed four equivalent Kþ
binding sites. Second, the side chain of Phe66 residue establishes critical pack-
ing interactions with the adjacent aromatic residues from the pore helix. Third,
hERG1-like NaK shows hydrogen bond interactions through a water molecule
behind the selectivity filter, which is absent in WT NaK, but present in KcsA.
We suggest that the hERG-NaK construct represents a unique tool to investi-
gate the properties of the hERG1 channel selectivity filter at atomic level.Muscle: Fiber and Molecular Mechanics &
Structure II
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Radial Motion of Myosin Heads in Isolated Intact Rat Myocardium in
Diastole
Gerrie P. Farman, HsiaoMan Hsu, David Gore, Edward J. Allen,
Kelly Q. Schoenfelt, Younss Ait Mou, Thomas C. Irving,
Pieter P. de Tombe.
The main cellular mechanism that underlies the so-called ‘‘Frank -Starling Law
of the Heart’’ is an increase in the responsiveness of cardiac myofilaments to
activating Ca2þ ions at longer sarcomere lengths (SL). The fundamental mech-
anism responsible for this increase in responsiveness has been elusive, despite
considerable experimental scrutiny. Here we tested the hypothesis that the in-
crease in calcium sensitivity upon increasing SL is correlated with a radially
outward movement of the myosin heads during diastole. 2D x-ray diffraction
patterns were obtained from electrically stimulated intact, twitching papillary
muscle isolated from rat hearts during a 10 ms time window in diastole just
prior to electrical stimulation. A range of sarcomere lengths was compared ei-
ther at Lmax (SL= ~2.3 mm) or following a quick release to slack length
(SL=~1.9mm). The relative position of myosin heads was first assessed by
the I11/I10 equatorial intensity ratio. To our surprise, I 11/I10 was negatively cor-
related with SL, i.e. I11/I10 was less at Lmax vs. slack length. A more direct mea-
sure of the radial position of the myosin heads can be estimated from the
position of the first maxima on the unsampled myosin layer lines, which are
prominent in diastole. The intensity maxima, when examined pair-wise, moved
outwards to a maximum of 5-6% for a 0.4mm change in SL indicating that the
heads must be moving radially outward at slack length. Our data suggest that
myofilament length dependent activation does not derive from a radial exten-
sion of the myosin heads at the long SL and must, therefore, involve some other
mechanism. Supported by NIH HL75494 and RR08630.
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Electron Tomography of Thick Sections of Insect Flight Muscle
Claudia L. Vargas, Anthony Warrington, Kenneth A. Taylor, Susan Hester,
R.J. Perz-Edwards, Michael K. Reedy.
Insect flight muscle (IFM) is a good model system within which to visualize
actin-myosin interactions due to its highly ordered lattice of actin and myosin
filaments. Lethocerus flight muscle is perhaps the best ordered muscle innature. Electron tomography (ET) of Lethocerus IFM has recently resulted in
a model for the weak to strong transition that incorporates large azimuthal
changes in the position of the lever arm compared to that predicted from crystal
structures of myosin subfragment 1 in both the nucleotide free and transition
states (Wu et al. PLoS-ONE, Sept. 2010). Those studies did not visualize the
S2 domain in either the raw tomogram or in subvolume averages which would
clarify the crossbridge origin. Here we have used ET of IFM fibers in rigor in
which the filament lattice has been swollen in low ionic strength buffer to view
where S2 emerges from the thick filament backbone as a test of the weak to
strong transition. Previous ET on myac layers (single filament layers containing
alternating myosin and actin filaments) of these same swollen rigor fibers re-
vealed the S2 domain with clarity. In the present work, we are examining 80
nm thick transverse and longitudinal sections of swollen rigor IFM fibers in or-
der to visualize all of the crossbridges originating from each 14.5 nm crown on
the thick filament, but especially the so-called lead bridges, which bind the thin
filament within the same target zone of isometric contraction. Class averages of
both thick filaments as well as myac layers are being pursued. The thick fila-
ments show subfilaments in the backbone and many of the myac layer raw re-
peat subvolumes show S2. Progress on this study will be presented. Supported
by NIGMS and NIAMSD.
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Vanadate Responses of Insect Fight Muscle
Robert J. Perz-Edswards, Rebecca L. Porter, Michael K. Reedy.
When exposed to sodium orthovanadate (Vi), permeabilized insect flight mus-
cle (IFM) from Lethocerus water bugs behaves differently in three ways from
vertebrate skeletal muscle (VSkM) under similar conditions.
Weak binding of Vi in RLX: IFM treated 5-10 min with 250 mM Vi in Lo-m
RLX buffer (= Vi-RLX) (pCa ~9.0; m ~90 mM), then washed free of Vi in Lo-m
RLX, and placed in Lo-m ACT buffer (pCa ~4.5; m ~105 mM) rises to maximal
isometric tension far more slowly (fives of minutes) than untreated IFM, sug-
gesting a weak-binding, slowly reversible interaction with (presumably)
myosin.
IFM 100x more sensitive to Vi than VSkM: Exposing maximally Ca-
activated IFM to 250 mM Vi in Lo-m ACT (= Vi-ACT) quickly suppresses
active-state tension 97-100% and induces relaxed-state X-ray diffraction struc-
ture. Vi-ACT-exposed IFM recovers little or no active-state tension during 30-
60 subsequent minutes in Lo-m ACT. Vi-trapping in IFM is so strong that just 2
mMVi ultimately (30-50 min) suppresses active tension in Lo-mACT by ~75%,
suggesting that 50% IFM force inhibition would require 1 mM or less Vi, versus
45-94 mM in VSkM.
Only crossbridges opposite target zones are Vi-trapped: Despite 97-100%
paralysis of Ca-activated isometric force production by Vi-ACT, Vi trapping
only affects myosin crossbridges opposite actin target zones. When stretched
2-4%, fibers recover active tension capability. Post-Vi washout with RLX, fol-
lowed by 2-4% stretch, followed by Lo-m ACT exposure, generates significant
Ca-activated tension, because at the longer sarcomere length target zones have
moved toward myosin heads that at rest length were unable to reach the 2/7
fraction of IFM actin monomers (Wu etal, PLoS One 5: e12643 (2010)) that
accept strong-binding crossbridges, ATPase cycling and tight Vi trapping.
Slow 3% length-cycling in Vi-ACT Vi-traps all accessible IFM crossbridges.
(Support: NIH, MDA).
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N-Benzyl-P-Toluenesulfonamide (BTS) Traps the Myosin Head in a Con-
formation Associated with Strong Myosin Based Layer Lines and Weak,
Rapidly Reversible Actin Binding even in the Absence of Nucleotide
Theresia Kraft, Ante Radocaj, Bernhard Brenner.
During its working cycle myosin proceeds through several structural
changes coupled to changes in the state of the nucleotide. Details of the cou-
pling between nucleotide state and myosin conformation are still unclear.
Several lines of evidence suggest that for the same nucleotide state several
conformations of the myosin head coexist while the state of the nucleotide
may only determine their relative proportions (e.g., Xu et al., Biochemistry
2003; Nesmelov et al., Biophys J. 2008).
We were particularly interested whether with ADP or without nucleotide, i.e.,
when myosin binds tightly to actin, we can find experimental interventions for
which (1) strong myosin based layer lines (MLLs) can be seen in 2D-X-ray dif-
fraction patterns as sign of the closed, pre-power stroke conformation, and (2)
binding kinetics of myosin to actin can be determined by fiber stiffness. While
we were unsuccessful with blebbistatin, we found N-Benzyl-p-toluenesulfona-
mide (BTS) to accumulate myosin heads, both without nucleotide and with
ADP, in structural states that generate strong MLLs. While BTS had no effect
on MLLs in the presence of ATP, with ADP or no nucleotide BTS generated
MLLs as strong as seen with ATP at high temperature. This suggests that
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formation by BTS even in the absence of nucleotide. Dependence of fiber stiff-
ness on speed of applied stretches showed that nucleotide free myosin heads in
the presence of BTS not only generate strong MLLs but also have much lower
affinity for actin than seen without BTS and show rapid reversibility of binding
to actin similar to that previously seen by us for weak binding states.
3165-Pos Board B270
A Reinvestigation of the Source of Compliance of Muscle Cross-Bridges
Massimo Reconditi, Marco Linari, Gabriella Piazzesi, Malcolm Irving,
Vincenzo Lombardi.
In the X-ray diffraction pattern from skeletal muscle the 3rd order myosin-
based meridional M3 reflection originates from the axial repeat of myosin
cross-bridges along the thick filament. Changes in the intensity (IM3), spacing
(SM3), and fine structure (RM3) of the M3 reflection in contracting muscle have
been measured in many different protocols (Linari et al. PNAS97:7226, 2000;
Piazzesi et al. Nature415:659,2002; Reconditi et al. Nature428:578, 2004;
Huxley et al.J. Mol. Biol.363:743, 2006). The results are explained with model
simulations based on (1) the crystallographic structure of the myosin head (sub-
fragment-1, S1), integrated with the tilting lever arm hypothesis (Rayment et al.
Science261:50, 1993), (2) the presence of a fixed periodic mass attributed to de-
tached myosin heads and (3) the assumption that all the compliance of the
cross-bridges resides in S1 (Seebohm et al. Biophys. J.97:806, 2009). Here
the possibility that a substantial proportion of the cross-bridge compliance is
provided by the subfragment-2 (S2) link between the head and the thick fila-
ment (Knupp et al. J. Mol. Biol.390:168, 2009) is analyzed by adding a variable
compliance in S2 and testing the resulting model in the different mechanical
protocols mentioned above and, moreover, against IM3 changes induced by
rapid length changes imposed on the muscle fibre in rigor (Dobbie et al.Na-
ture396:383, 1998). The results show that S2 does not significantly contribute
to the cross-bridge compliance.
3166-Pos Board B271
MultiscaleModel Predictions of X-Ray Diffraction Patterns in Contracting
Skeletal Muscle
Srboljub M. Mijailovich, Boban Stojanovic, Thomas Irving.
In order to explain time-resolved x-ray diffraction data, enabled by recent ad-
vances in synchrotron small-angle diffraction instruments, we explored the fea-
sibility of using dynamic 3D models of muscle contraction to predict x-ray
diffraction patterns. This approach differs radically from previous attempts,
which merely aimed to provide a ‘‘best fit’’ structure for defined quasi-static
states, by providing a tool to generate families of structures that evolve in
time that explains both the structural (x-ray) and the mechanical data simulta-
neously. Specifically, we exploit the computational platform MUSICO which
was developed originally to model muscle mechanics data, by extending this
framework to simulate x-ray diffraction patterns using 3D multiscale models.
These models take into account (i) biochemical states of myosin interacting
with actin; (ii) rate constants in the actomyosin ATP hydrolysis cycle; (iii)
function of myosin molecular motors in a 3D sarcomere lattice; (iv) Ca2þ reg-
ulation of myosin binding to actin; (v) extensibility of actin and myosin fila-
ments; and (vi) multiple sarcomeres in series and in parallel. The platform is
conceived primarily as a hypothesis-testing tool in which model predictions
are tested against the best available mechanical and x-ray diffraction data on
the same system. Our preliminary simulations provided dynamic x-ray diffrac-
tion patterns during force development and relaxation in skeletal muscle. The
simulated patterns generally predicted well changes in repetitive molecular
spacings and displayed similarity with experimental data. Once fully devel-
oped, this tool will enable extraction of maximum information from the x-
ray patterns, in combination with the physiological data, and therefore provide
a template to test hypotheses concerning crossbridge and regulatory protein ac-
tion in working muscle. Our approach can be extended to any muscle system,
and it could ultimately provide an interpretive framework for studying the
mechanisms of inherited or acquired diseases.
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Effects of Cardiac Myosin Binding Protein-C and its Domains on the
Rotational Dynamics of Actin Filaments
Brett A. Colson, Inna N. Rybakova, Ewa Prochniewicz, Richard L. Moss,
David D. Thomas.
Cardiac myosin binding protein-C (cMyBP-C) is a multi-domain thick filament-
associated modulator of contraction, but it remains unknown whether cMyBP-C
alters myosin S1 access to the thin filament by its interaction with myosin S2 and/
or by its interaction with actin. Recently, actin binding properties of baculovirus-
expressed full-length mouse cMyBP-C and its domains (i.e., C0-C10), assessed
by cosedimentation, showed that cMyBP-C interacts with F-actin via a single
moderate-affinity site localized to the C-terminal half of cMyBP-C, with no ef-fect on binding due to phosphorylation (Rybakova et al., 2010, J Biol Chem., in
press). Here, we have determined the effects of cMyBP-C and its domains on the
microsecond time-scale rotational dynamics of actin labeled at C374 with eryth-
rosine iodoacetamide, using time-resolved phosphorescence anisotropy (TPA).
The interaction of cMyBP-C with actin increased the final anisotropy (rinfinity)
of the TPA decay in a concentration-dependent manner, indicating restriction
of the rotational amplitude of actin dynamics. The N-terminal domains C0C1
had no detectable effect to on the final anisotropy of actin, probably due to its
inability to bind actin, whereas C0C4 moderately increased final anisotropy.
Fragments containing the C-terminal domains, such as delta-C0C1, increased fi-
nal anisotropy to a similar extent as full-length cMyBP-C, suggesting that the C-
terminal domains are important for restricting rotational dynamics of actin. Pro-
tein kinase A (PKA) phosphorylation of cMyBP-C or delta-C0C1 reduced, but
did not eliminate, the effects of these proteins to increase the final anisotropy
of the TPA decay. Increased anisotropy was not caused by actin bundling, as
shown by electron microscopy observation. These cMyBP-C-induced changes
in actin dynamics may play a role in the known effects of cMyBP-C on the func-
tional actin-myosin interaction.
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Similar Regions of Instability in Tropomyosin and Myosin Coiled Coils
Douglas D. Root, Nakiuda Hall, Lee Chen, Yuxiao Qian, Nasrin Taei.
Tropomyosin shares sequence similarities with the N-terminal portion of the
striated muscle myosin subfragment-2 (S2) coiled coil domain. Hypotheses
of the instability of tropomyosin coiled coils may also be relevant to the myosin
S2 coiled coil. Gravitational force spectroscopy indicates that the S1/S2 junc-
tion can be separated by forces applied through the rigor actomyosin bond
which illustrates the low stability of this region of myosin. A comparison of
the Langevian dynamics simulations on these two long coiled coils of tropomy-
osin and myosin suggests some similarities in the dynamics of these structures
as well. An atomic model of full length tropomyosin was constructed by fusing
existing crystallographic structures of tropomyosin fragments. Dynamics sim-
ulations of up to 10 nanoseconds at physiological temperatures yielded traces
demonstrating regions where the coiled coil structure readily separates. Similar
regions of instability are observed during dynamics simulations of human my-
osin S2 both in the existing crystallographic structure and in a full length my-
osin S2 predicted atomic model. Interestingly, mutations that give rise to
familial hypertrophic cardiomyopathies appear to cluster in some of these re-
gions of instability. Dynamics simulations on mutated atomic models of both
tropomyosin and myosin S2 indicate that the mutations can impact the structure
of these unstable regions. In myosin, a deletion mutation, del930, has a partic-
ularly strong structural impact and is known to cause a high incidence of sudden
death clinically. These data suggest that such structural instabilities of homol-
ogous regions of tropomyosin and myosin might be a target for disease causing
polymorphisms and could well be of important functional significance to the
contractile functions in muscle.
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Orientation of the Calcium Sensitizing Agent dfbp-o, when Bound to Tro-
ponin in a Muscle Fiber as Determined by Solid-State NMR Spectroscopy
Samuel S.W. Szeto, Ian M. Robertson, Yin-Biao Sun, Brian D. Sykes.
Heart failure is characterized by the inability of the heart to supply the body
with oxygenated blood. There is a large range of treatment strategies em-
ployed by physicians; however, many of these options are limited in their abil-
ity to improve mortality during acute heart failure. A more recently identified
therapeutic option involves a class of pharmaceuticals termed ‘‘calcium sen-
sitizers’’. These molecules enhance the contractile apparatus’s response to cal-
cium, instead of increasing the concentration of cytosolic calcium.
Levosimendan is the most widely used calcium sensitizer, but since it is un-
stable, its exact mode of action has yet to be identified. Recently, we have de-
termined that the stable structural analog of levosimendan, dfbp-o, functions
as a calcium sensitizer in a similar manner as levosimendan [Robertson
et al., J Mol Cell Cardiol. 2010 Aug 27. [Epub ahead of print]]. Two fluorine
atoms are present on dfbp-o which can be used to elucidate useful structural
information via 19F-NMR spectroscopy. 19F is a particularly attractive nucleus
for study by NMR spectroscopy because like 1H it is ~100% naturally abun-
dant, has a spin of 1/2, and possesses a large gyromagnetic ratio. We have
used 19F solid-state NMR spectroscopy to study the orientation of dfbp-o in
demembranated rabbit psoas muscle fibers. Upon incubating the muscle fiber
in relaxing solution containing dfbp-o, the length of the fiber decreased ap-
proximately three fold, presumably due to the calcium sensitizing nature of
dfbp-o. This approach will allow us to establish the orientation of the dfbp-
o:troponin complex with respect to the thin filament axis. In addition, the
results give us further evidence that dfbp-o binds muscle fibers to elicit its
calcium sensitization effect.
